ABSTRACT Trichodesmium is a globally distributed cyanobacterium whose nitrogenfixing capability fuels primary production in warm oligotrophic oceans. Like many photoautotrophs, Trichodesmium serves as a host to various other microorganisms, yet little is known about how this associated community modulates fluxes of environmentally relevant chemical species into and out of the supraorganismal structure. Here, we utilized metatranscriptomics to examine gene expression activities of microbial communities associated with Trichodesmium erythraeum (strain IMS101) using laboratory-maintained enrichment cultures that have previously been shown to harbor microbial communities similar to those of natural populations. In enrichments maintained under two distinct CO 2 concentrations for ϳ8 years, the community transcriptional profiles were found to be specific to the treatment, demonstrating a restructuring of overall gene expression had occurred. Some of this restructuring involved significant increases in community respiration-related transcripts under elevated CO 2 , potentially facilitating the corresponding measured increases in host nitrogen fixation rates. Particularly of note, in both treatments, community transcripts involved in the reduction of nitrate, nitrite, and nitrous oxide were detected, suggesting the associated organisms may play a role in colony-level nitrogen cycling. Lastly, a taxon-specific analysis revealed distinct ecological niches of consistently cooccurring major taxa that may enable, or even encourage, the stable cohabitation of a diverse community within Trichodesmium consortia.
T richodesmium is a globally distributed nitrogen-fixing genus of cyanobacteria common in warm oligotrophic oceans. They provide a substantial proportion of new nitrogen (N) to N-limited systems, thereby helping to fuel primary productivity (1) (2) (3) . As a keystone organism in major marine elemental cycles, Trichodesmium has been the focus of studies probing its responses to ongoing rapid changes in the global oceans, such as changes in temperature, pH, and CO 2 (e.g., see references [4] [5] [6] [7] [8] [9] . One common response of T. erythraeum strain IMS101 to elevated CO 2 has been increased N fixation rates (8, 10, 11) , yet curiously, these do not coincide with increased transcripts or proteins of the nitrogenase complex responsible for N fixation (8, 12) . Understanding the controls on one of the greatest sources of new marine N is essential for the modeling of global biogeochemical cycles and the assimilation of CO 2 in the present and future oceans.
Trichodesmium often forms large macroscopic colonies comprising tens to hundreds of filaments, each composed of tens to hundreds of cells (1) . Like many other aggregating or relatively large primary producers (particularly algae), these colonies act as nutrient-rich substrates that harbor a diverse microbial community (13) (14) (15) (16) (17) . While the interactions occurring between Trichodesmium and its associated epibionts have long been recognized as likely being important for the host, epibionts, or both (18) (19) (20) , the extent to which they modulate host physiology and N fixation remains largely unknown. Moreover, Trichodesmium is difficult to maintain in culture (19, 21) , and it has been suggested this may be due to the existence of obligate dependencies of the host on its associated members (16, 19, 22, 23) .
Attempts to establish stable axenic cultures of Trichodesmium have been unsuccessful, perhaps because such a stable cohabitation of organisms has led to complex, interdependent cooperative interactions (24, 25) . One possible example of such an interaction within Trichodesmium consortia involves the host's critical role of N fixation. The nitrogenase complex is inhibited by molecular oxygen (O 2 ), and Trichodesmium has long been considered enigmatic as it carries out N fixation while contemporaneously performing O 2 -evolving photosynthesis (1, 19, 22, 26) . Some studies have implicated temporal and spatial segregations (27 and reviewed in reference 28), but another proposed mechanism for this capability involves a cascade of interwoven interactions between Trichodesmium and its associated community. This hypothesis suggests that host exudation of organic carbon supports the growth of associated heterotrophs and fuels respiration, resulting in microenvironments of decreased O 2 concentrations. These suboxic microenvironments then serve as havens of host N fixation, ultimately benefiting the colony as a whole (19, 22, (29) (30) (31) (32) . In the context of solely photosynthetic carbon fixation, aerobic bacteria living in association with algae have indeed been shown to stimulate host growth via O 2 consumption, creating conditions more conducive to photosynthesis (33) . In Trichodesmium, microelectrode measurements of primarily "raft"-type colonies revealed decreased intracolony O 2 levels correlating with increased N fixation under steady light (30) , while another recent study working with "puff"-type colonies found decreased O 2 concentrations within colony cores only in darkness (11) . Though colony size seems to be one factor responsible for the generation of O 2 -depleted microenvironments, it remains unknown if colony morphology is also a component, and direct evidence supporting the role of the associated community is lacking.
Characterizations of the associated microbial communities of Trichodesmium organisms and other photoautotrophs have revealed consistently observed groups of major taxa, and notably, communities distinct from those in the surrounding seawater (16, (34) (35) (36) . At a broad taxonomic level, commonly associated organisms include members of Alphaproteobacteria, Gammaproteobacteria, and Bacteroidetes taxa (14-17, 34, 36-40) . While there is evidence supporting host-specific associations at finer taxonomic resolutions within these large clades (23, (41) (42) (43) , there are also likely underlying general lifestyle and functional characteristics responsible for these broad trends in photoautotrophheterotroph associations (e.g., host carbon and/or nitrogen fixation, epibiont traits for particle-association, copiotrophic/opportunistic lifestyles, etc.) (37, 44) . Deciphering the activities occurring within these interconnected communities is essential to understanding the net biogeochemical contributions from any host that exists in perpetual association with other organisms (45) .
Here, we present detected transcriptional and proteomic data of associated communities of T. erythraeum strain IMS101 following 8 years of selection under two distinct CO 2 concentrations. The enrichment cultures in this study harbor microbial communities similar to those found in association with natural Trichodesmium populations (17) , suggesting that they can serve as a window into the complex network of interactions occurring between the cyanobacterium and its epibionts. Accordingly, we examined 3 primary questions. (i) What role might the community play in N cycling? (ii) Could increased community respiration be facilitating the corresponding increased rates of host N fixation under elevated CO 2 ? (iii) Can transcriptional and proteomic profiles help define the distinct ecological niches of the major taxa commonly associated with Trichodesmium?
RESULTS AND DISCUSSION
The cultures utilized in this study were previously split from one IMS101 cell line and maintained under two CO 2 concentrations (low [ambient 380 to 400 atm] and high [800 atm]) for ϳ8 years (ϳ1,200 to 1,700 generations [8] ). Cultured strain IMS101 usually grows as individual filaments-macroscopic millimeter-long chains of hundreds of cells-rather than as aggregated colonies. In the open ocean, it has been observed that most (Ͼ80%) of the total Trichodesmium biomass is present as filaments rather than colonies (46) (47) (48) (49) . This filamentous lifestyle may sustain a broad baseline distribution of Trichodesmium between the more episodic (but more frequently sampled) bloom events. Both filamentous and colonial morphologies of Trichodesmium host similar dominant microbial communities (17) , albeit in differing organismal relative abundance, but little is known about how the ecophysiology of the entire system (host and epibionts) changes with and/or drives these structural differences.
As has been reported in numerous studies (8) (9) (10) (11) (12) and confirmed here, IMS101 demonstrates significantly increased N fixation rates under elevated CO 2 (Fig. 1) . The data presented here are following 8 years of selection, but the same phenotype has been observed after just weeks (8, 10) . Curiously, these increased rates were not accompanied by increases in relevant transcripts or proteins (8, 9) , an important reminder that gene expression levels, and even levels of protein products, tell us about their respective levels only and may or may not be reflected in actual physiological and biogeochemical responses. Thus, transcriptomics and proteomics are useful tools for hypothesis generation rather than hypothesis confirmation. Deep metatranscriptomic sequencing of these enrichment cultures (ϳ95 million reads/sample) (see Table S1 in the supplemental material) enabled an investigation of the transcriptional activity of IMS101's associated microbial community. As enrichments of strain IMS101, the total RNA pools recovered were dominated by Trichodesmium, which was the source of ϳ75% of total reads (see Table S1 in the supplemental material). However, the depth of sequencing achieved recovered an average of ϳ15 million reads per sample originating solely from the associated community (Table S1 ). While the transcriptional activities and physiology of IMS101 from these experiments are integrated here in a relevant context; we focus here primarily on Trichodesmium's associated community.
De novo reference library construction and taxonomic composition. A de novo coassembly of multiple metatranscriptomes recovered from these cultures was performed and subsequently identified coding sequences (CDSs) were utilized as our reference library for recruiting metatranscriptomic reads from each individual sample and for proteomic analysis. Of ϳ45,000 CDSs derived solely from the IMS101-associated community, taxonomy was assigned to ϳ33,000 (ϳ73%) (see Table S2 ). The vast majority of CDSs were identified as bacterial in origin (93%) (see Fig. S1 and Table S2 ). Consistent with (i) the only available environmental Trichodesmium metatranscriptome (36) , (ii) a clone-library study of open-ocean Trichodesmium colonies (16) , and (iii) analysis of these specific cultures and other laboratory-maintained and environmental samples (17), our de novo reference library was dominated by the major bacterial taxa Bacteroidetes, Cyanobacteria, Alphaproteobacteria, and Gammaproteobacteria ( Fig. S1 and S2). As has been reported previously (16, 36) , within these broad taxonomic clades were populations distinct from typical planktonic microbial communities, including the conspicuous absence of major taxa such as SAR11 and any Archaea. In our reference library, Bacteroidetes were predominantly composed of members of the Saprospiraceae family, Phaeodactylibacter xiamenensis, and Lewinella cohaerens, whereas Cyanobacteria CDSs were sourced almost entirely from Synechococcus spp., Alphaproteobacteria predominantly included members of the orders Rhodobacterales and Rhizobiales, and Gammaproteobacteria were dominated by the order Alteromonadales. The relatively few eukaryotic CDSs recovered were predominantly fungi and algae (Viridiplantae), consistent with observations of Trichodesmium in the open ocean (36) . Importantly, the associated communities from these specific cultures have been shown to be environmentally relevant (17) .
Utilizing this custom-built reference library, we employed two distinct approaches in the characterization of gene expression within these IMS101-associated communities. First, we functionally analyzed the global metatranscriptome around Trichodesmium as a collective unit irrespective of taxonomy (i.e., without consideration of "who" was doing "what"). This enabled an overall assessment of which predominant metabolic activities may be ultimately influencing the host's microenvironment. We then focused on the transcriptional activity of each major taxonomic group to investigate the potential for unique ecological niches of these consistently cooccurring and stable associations (16, 17, 36) .
We additionally reanalyzed recently published proteomic data from these same samples using our de novo community reference library (12) . The depth of metatranscriptomic sequencing employed enabled a detailed analysis of the associated community's transcriptional activities despite the host's dominant relative abundance (Table  S1 ), but the primary focus of the proteomics work was to characterize solely the host's proteome (12) . As such, the resultant proteomic coverage precluded a comprehensive profiling of the associated community's global proteome. For this reason, we do not attempt to interpret the community-related proteomics data quantitatively. However, integrating these data sets did enable the detection of many protein products of the discussed transcripts (presumably those protein products in greatest relative abundance). Accordingly, this serves as the foundation for a much-needed custom proteomics database for use with environmental samples of Trichodesmium.
Distinct global community transcriptional profiles according to CO 2 concentration. Hierarchical clustering and principle coordinates analysis of sample read recruitment to our CDSs both revealed distinct clusters of global community transcriptional activity corresponding to each treatment (see Fig. S3 ). Thus, the community exhibited unique transcriptional profiles with respect to CO 2 concentration. To probe these community-level transcriptional differences, CDSs were functionally annotated with Kyoto Encyclopedia of Genes and Genomes (KEGG) orthologs ([KOs] 50). This resulted in ϳ14,000 CDSs assigned to KOs (ϳ30% of the total) (Table S2) , which were then collapsed into KEGG modules (KEGG "modules" represent organized functional units of genes) (Table S3 ). To examine the associated community's activities in the context of its host, IMS101's genes were retrieved from Integrated Microbial Genomes (IMG [51] ) and processed in the same manner. This perspective revealed an overall trend wherein under low CO 2 , the associated community more evenly distributed its transcriptional pool across a broad range of modules, while IMS101's transcriptional allocation was primarily invested in nitrogen metabolism and photosynthesis (Fig. 2) .
Contrasting with this, under high CO 2 , the community as a whole allotted relatively more transcripts to a fewer number of processes, such as photosynthesis, ATP synthesis, and oxidative phosphorylation (potentially suggesting increased growth rates and/or overall community activity), whereas Trichodesmium's transcript pool shifted to being more evenly distributed across a broad range of modules and less concentrated on photosynthesis and nitrogen metabolism (Fig. 2 ). This shift in nitrogen metabolism was directly driven by significant decreases in host nitrogenase transcripts under elevated CO 2 (nifHDK, P ϭ 0.04, 2-tailed t test) (see Table S4 ), which actually coincides with significant increases in measured nitrogen fixation rates as noted above (Fig. 1 ). As these treatments had diverged under their respective CO 2 concentrations for 8 years prior to sampling, the global transcriptional clustering patterns (Fig. S3 ) and the presence of trends even at this coarsely resolved level of KEGG modules (Fig. 2) speak to the functional robustness of the systems.
Community nitrogen cycling. Given Trichodesmium's significance as a source of fixed N to otherwise nitrogen-starved systems and the dearth of information regarding the role of its perpetually present associated community in this process, we specifically investigated the known primary genes involved in nitrogen cycling in both our host and the associated community. Though other nitrogen-fixing microbes have been seen with Trichodesmium in the open ocean (19, 52) , the only detected N fixation genes in our enrichments were sourced from IMS101 (Fig. 3) , indicating the measured N fixation rates were solely the result of the host. Interestingly, transcripts for dissimilatory nitrate/nitrite reduction were detected (narG-nirB), as well as the final step of denitrification (nosZ), which catalyzes the conversion of nitrous oxide (N 2 O) into N 2 (Fig. 3) ; the expression of such genes is expected to be induced only under conditions where oxygen is depleted. Such anaerobic N transformations have recently been demonstrated to occur within the associated communities of another marine cyanobacterial diazotroph, Nodularia spumigena (53), and they have been proposed to occur within Trichodesmium colonies as well (54) . Klawonn et al. additionally identified anoxic interior cores of the millimeter-sized colonies extending to ϳ5% of their total size, even when suspended in 100% air-saturated water (53) , similar to observed decreases in O 2 concentration near the core of Trichodesmium colonies (30) . Facultative anaerobes are thought to have an advantage when it comes to particle-associated lifestyles due to such microenvironments (55) , and moreover, O 2 concentrations undergo rapid changes Stars indicate significance at a 0.05 threshold by 2-tailed t tests. nifHDK, nitrogenase; amtB, ammonium transport; NitT/TauT, nitrate/nitrite/taurine transport; urtA-E, urea transport; nasA-narB, assimilatory nitrate reductase; nirA, assimilatory nitrite reductase; narG, dissimilatory nitrate reductase; nirB, dissimilatory nitrite reductase; nosZ, nitrous oxide reductase; glnA, glutamine synthesis.
(within minutes) from supersaturated to subsaturated within Trichodesmium colonies transitioned from light to darkness (30) . Though as noted above, in culture, IMS101 tends to grow as filaments not colonies. The generation of anaerobic microenvironments conducive to such N transformations may also occur within exopolysaccharide matrices (32), the production of which appears to be an active process in our system (discussed below), but it is unclear if these detected community N-reducing expression levels are simply due to their constitutive expression. Regardless, due to the similarity of the microbial communities between these cultures and those in natural colonies, and given the recent insights into these processes in N. spumigena (53) , the potential implications remain the same. It is possible for aggregating cyanobacterial diazotrophs to harbor denitrifying facultative anaerobes, which raises interesting questions regarding N cycling within Trichodesmium colonies.
With respect to CO 2 treatment, as a whole, there was a restructuring of the associated community's global N-related transcriptional profiles (Fig. 3) , coinciding with the increased host N fixation rate under elevated CO 2 (Fig. 1) . Ammonium transport transcripts were significantly increased in the associated community but were less abundant in Trichodesmium under high CO 2 (Fig. 3, amtB) . Also significantly enriched in the associated community but decreased in the host in the high CO 2 treatment were transcripts for glutamine biosynthesis (glnA), one of the primary pathways that incorporates new N into biomass. It is possible these community shifts reflect corresponding increases in growth rates or overall cellular metabolisms in response to the increased availability of fixed N supplies.
Increased community respiration under elevated CO 2 concentrations. As discussed above, associated microbial respiration could benefit the Trichodesmium host by aiding in the generation of microenvironments of lower O 2 concentrations, thereby relieving oxic inhibition of N fixation (19, 22, (29) (30) (31) (32) . In the context of our experiment, this is one possible explanation for the increased rates of host N fixation under elevated CO 2 (Fig. 1) despite the decreases in nitrogenase transcripts (Fig. 3) and proteins (8, 9) . To investigate this possibility through the lens of community transcriptional expression, we examined the cytochrome c oxidase and ATPase complexes involved in respiration and oxidative phosphorylation.
Trichodesmium's associated community as a whole was indeed found to be dedicating a significantly increased proportion of its transcripts toward these processes under elevated CO 2 (Fig. 4) . As these cell lines had diverged for ϳ8 years under these distinct CO 2 concentrations, these results also suggest this to be a stable state. It is possible that increased community respiration led to an increase in microenvironments of lower O 2 concentrations, thereby lessening the effective O 2 inhibition of the nitrogenase enzyme and ultimately facilitating the increased IMS101 N fixation rates consistently observed under elevated CO 2 (8, 10, 56) . To our knowledge, these are the first data specifically supporting a decades-old hypothesis of what may be a fundamental mechanism (the associated community's influence) involved with Trichodesmium's seemingly enigmatic N fixation strategy.
One potential correlating trait of higher respiration rates is increased growth rates. While there is no way to directly quantify growth rates of the taxa associated with our IMS101 enrichments via the available metatranscriptomic data, the transcriptional investment in ribosomal proteins (i.e., the proportion of transcripts of the total transcript pool) has been shown to correlate with growth (57) and has been used as a quantitative metric of activity from metatranscriptomic data (58) . An analysis of our major associated bacterial clades did reveal a greater proportion of ribosomal transcripts under elevated CO 2 (Fig. 5 ). This finding, along with an increase in glutamine synthesis transcripts (Fig. 3) , suggests that increased growth rates may correlate with the enrichment of respiration transcripts under increased CO 2 (Fig. 4) . To note, eukaryotes were not considered in this ribosomal protein analysis due to the overabundance of confounding ribosomal transcripts originating from chloroplasts and mitochondria (see Fig. S4 ).
Transcriptional support for distinct ecological niches within Trichodesmium consortia. Members of Bacteroidetes, Cyanobacteria, Alphaproteobacteria, and Gammaproteobacteria taxa commonly cooccur in natural Trichodesmium populations as well as in stable associations in all laboratory enrichments examined thus far (16, 17, 36) . This sustained cohabitation spanning years in laboratory enrichments without added fixed carbon or nitrogen (17) and the fact that there are no axenic cultures of Trichodesmium support the idea that there is a persistent network for nutrient cycling occurring between the host and the community. Given this and the conserved association of these major taxa with Trichodesmium and other photoautotrophs, we examined the transcriptional profiles of these groups to identify potentially distinct ecological niches.
While investigating the relative contributions of various phylogenetic groups to the degradation of the multifarious milieus of dissolved organic matter (DOM) in aquatic environments, Cottrell and Kirchman (59) noted that while no individual major taxon can metabolize all forms of DOM, an assemblage comprising representatives from just three groups-Bacteroidetes, Alphaproteobacteria, and Gammaproteobacteria-likely could. This is because even at this relatively broad level of taxonomic resolution, there are still clear distinguishing characteristics of these clades (59) , and it is likely these differences are what ultimately underlie the distinct ecological roles that enable and encourage the cooccurrence of these major taxa not only within Trichodesmium consortia but also adhered to particles (60) and algae (37) .
We contrasted these groups, along with Cyanobacteria, by collapsing individual taxon CDSs into KOs and normalizing to that taxon's total number of functionally annotated transcripts. Hierarchical clustering and ordination both revealed clear groupings by taxa (see Fig. S5 ), and many of the primary driving forces behind this separation became apparent when CDSs were grouped into KEGG modules (Fig. 6) and upon comparing the most highly expressed genes from each taxon ( Table 1; see also Table  S6 ); for clarity, only the ambient CO 2 replicates are presented in Fig. 6 , but the trends were similar irrespective of CO 2 concentration (see Fig. S6 ). These analyses provide a foundation to begin elucidating some of the distinct roles of these major taxa within the Trichodesmium consortium. While the current work is focused on Trichodesmium, the distinctions described here for these major taxa are potentially relevant to other photoautotroph-heterotroph interactions as well, due to the functional redundancies at the level of resolution being considered.
Bacteroidetes. Marine Bacteroidetes are mostly known for their particle-associated lifestyles (61), high molecular-weight-compound degradation capabilities (62) , and greater-than-typical abundance of genes related to exopolysaccharide production and adhesion (63) . Specifically, they appear to possess 2 to 3 times more glycosyl transferase genes per million base pairs than Alphaproteobacteria and Gammaproteobacteria. Glycosyl transferases are typically outer membrane enzymes involved in the generation of exopolysaccharides for attachment (63) . As with other environments, it is likely these traits may help define their unique role in the Trichodesmium consortium. Our Bacteroidetes clade was almost entirely dominated by members of the Saprospiraceae family, namely, Phaeodactylibacter xiamenensis, which is closely related to the more commonly known Lewinella cohaerens. Aptly, P. xiamenensis was isolated from the diatom Phaeodactylum tricornutum (64, 65) , supporting the notion that, due to underlying similar properties, the phycospheres of both algae and cyanobacteria select for similar associated organisms, at least at this level of resolution. In this analysis, Bacteroidetes was the only major taxon that expressed transcripts found in KEGG's aromatics degradation module, highlighting the clade's distinguishing affinity for complex carbon-compound degradation (e.g., K10217), and in the glycan metabolism module, resulting almost entirely from transcripts involved in glycosyltransferase (K12666) ( Fig. 6; see also Fig.  S6 ). The enzymes encoded by these transcripts are known to be integral to exopolysaccharide production and are believed to be largely responsible for the taxon's typical particle-associated lifestyle (66, 67) . This suggests members of Bacteroidetes may play a key role in Trichodesmium consortia by contributing to the extracellular matrix to the benefits of the rest of the associated community and the host. This possible benefit again involves the generation and maintenance of low-oxygen microenvironments, as the exopolysaccharide matrix restricts oxygen diffusion (32) . Additionally, Bacteroidetes' 5th and 6th most highly expressed genes (also detected in the proteome) were components of a TonB-dependent transporter system (exbB [K03561] and tonB [K03832]) (Table 1; see also Table S6 ). These are typically involved in the transport of complex compounds such as siderophores, vitamin B 12 , and carbohydrates (68) . While it is unclear what these transporters are acting on in this instance, Bacteroidetes were expending large proportions of their transcriptional energy on these genes (ϳ2.5% of their total transcript pool), and their corresponding protein products were detected (Tables S6 and S7 ). Alphaproteobacteria. The class Alphaproteobacteria is often the dominant major taxon responsible for the consumption of the amino acid component of marine DOM (59) . In our system, Alphaproteobacteria (dominated by members of the orders Rhodobacterales and Rhizobiales) did indeed demonstrate significantly higher relative gene expression for amino acid transport than the other major taxa (Fig. 6) ; notably, Bacteroidetes, proposed to be more involved in higher-molecular-weight DOM decomposition, had no detectable amino acid transport expression. This enriched Alphaproteobacteria expression was largely driven by L-amino acid ABC transport (K09969), which comprised the taxon's 6th most highly expressed transcripts and for which protein products were detected (Table 1; see also Table S6 ). Alphaproteobacteria contributed a significantly larger proportion of their transcriptional pool to KEGG's "peptide/nickel transport" module ( Fig. 6 ) as well, due to the expression of genes involved in di-and tripeptide transport (K02035), for which proteins were also detected (Table 1; see also Table S7 ). Also uniquely highly expressed were transcripts involved in chlorinated cyclic and acyclic hydrocarbon degradation (E3.8.1.2 [K01560]) (Table 1; see  also Table S6 ). These results support the notion that Alphaproteobacteria may hold an environmental niche space within Trichodesmium consortia based on their utilization of amino acids and chlorinated hydrocarbons. The group additionally exhibited relatively greater expression of sulfur metabolism genes (Fig. 6 ) due primarily to transcripts for sulfur oxidation (K17222 and K17227) and sulfate adenylyltransferase (met3 [K00958]) (Table 1) , which utilizes ATP to activate sulfate yielding adenylyl sulfate. The high relative expression of these was mostly driven by members of the order Rhodobacterales, which have been proposed to be a key group for sulfur cycling within algal bloom events (69) ; as such, they may play a role in sulfur biogeochemistry within Trichodesmium consortia as well.
Gammaproteobacteria. Gammaproteobacteria CDSs mostly originated from the family Alteromonadales (Table S2 ). This clade is known for its ability to utilize varied and often cyclic carbon compounds such as N-acetylglucosamine (59, 70) . It should be noted that rpoS and pspA (2 of the 20 most highly expressed genes within the Gammaproteobacteria) ( Table 1) are both associated with stress responses to nutrient limitation and overall suboptimal conditions (71, 72) , and as such it is possible members of this clade were stressed at the time of sampling. Nonetheless, this group was significantly enriched in KEGG's "other carbohydrate metabolism" module compared to the other 3 major taxa, with this module comprising just over 10% of the taxon's total recovered transcript pool (Fig. 6 ). This enrichment was driven largely by transcripts encoding enzymes for isocitrate lyase (aceA [K01637]) and malate dehydrogenase (icd [K01638]) ( Fig. 6 ; see also Table S6 ). These are both involved in the glyoxylate cycle and have been noted as highly enriched from Alteromonadales in marine microcosm experiments upon the addition of naturally occurring DOM (73) . Additionally, among the 20 most highly expressed genes for Gammaproteobacteria were those for haloalkane dehalogenase (dhaA) ( Table 1; see also Table S6 ), which falls within KEGG's xenobiotic degradation module. Taken together, this provides a potential unique ecological niche for Gammaproteobacteria with regard to preferred organic substrates compared to the other major taxa, as has been observed beyond the Trichodesmium consortium (59) .
Cyanobacteria. The transcriptional profile of Cyanobacteria, primarily dominated by Synechococcus, was least similar among the 4 major taxa (Fig. S5) . This is certainly due in large part to the substantial proportion of their transcripts involved in photosynthesis (ϳ25% of the taxon's total) (Fig. 6) . Likely related to this large transcriptional investment in photosynthesis, the taxon also had a much smaller proportion of ribosomal protein transcripts than those of the other major taxa (ϳ2%) (Fig. 5 and 6 ), similar to observations of Synechococcus marine samples (58) . Cyanobacteria have been commonly found within natural Trichodesmium consortia (16, 17, 35, 36, 74) , though in the current study of enrichment cultures with a relatively low abundance of associated community members, it is difficult to speculate on a potential unique role. However, the Cyanobacteria did allocate more of their transcriptional pool toward ammonium (amtB) and urea (urtA) transport (Table 1) , with protein products also detected for the latter, and they have been noted in the environment to have higher expression of urease transcripts than other cooccurring plankton (58) . It is likely Cyanobacteria in part further support the community as a whole via the provision of additional fixed carbon. This could be particularly beneficial under times of nutrient stress (e.g., with phosphorus or iron limitation), when Trichodesmium's ability to fix nitrogen may be inhibited, as the entire consortium would then not be dependent solely upon the host for both carbon and nitrogen fixation.
Conclusions. The marine microbial loop largely drives surface ocean global biogeochemical cycling and supports most marine food webs. An ongoing shift in research focus has led to a growing interest in understanding microbial assemblages as a whole, as opposed to individual species in isolation (45, 75) . Trichodesmium is currently only known to exist in nature and in culture in close association with other microbes. In our efforts to understand the significance of this widespread cyanobacterium for global nitrogen and carbon cycles, it is prudent that we consider the entire Trichodesmium host-epibiont assemblage as a whole. This metatranscriptomic analysis of Trichodesmium's associated community sheds light on the potential for the community's involvement in system-wide nitrogen cycling (Fig. 7) , including identifying transcripts involved in denitrification, a process recently reported to be occurring within the consortium of another marine cyanobacterial diazotroph (53) . Additionally, we report significant increases in the relative abundance of community respiration-related transcripts corresponding to increases in host nitrogen fixation rates under elevated CO 2 , a finding in alignment with a decades-old hypothesis of interorganismal interactions that, alongside fine-scale spatial and temporal segregation mechanisms (27) , may be integral to Trichodesmium's seemingly enigmatic nitrogen fixation strategy. Finally, given the consistent association of just a few major taxonomic clades within Trichodesmium consortia, as well as with other photoautotrophs, we can begin to delineate the unique ecological niche space they may be occupying by coupling their transcriptional profiles and detected proteins with their known distinguishing characteristics from the literature (Fig. 7) . It is likely not a coincidence that the same few major taxonomic groups that can together degrade the majority of DOM in the marine environment (59) are also the dominant groups consistently found living in association with photoautotrophs such as Trichodesmium. A more comprehensive understanding of the interactions occurring between photoautotrophic hosts and their consistently associated consortia will improve our understanding of environmentally relevant elemental fluxes as well as offer insights into coevolution in the marine environment.
MATERIALS AND METHODS
Culturing conditions, physiology, and sampling. Detailed culturing conditions and sampling methods are presented elsewhere (8, 9) and in supplemental material. Cultures were continuously bubbled with prepared air-CO 2 mixtures (Praxair) to maintain stable CO 2 concentrations of ambient (380 to 400 atm) or 800 atm for ϳ8 years prior to sampling.
Trichodesmium growth rates were calculated from microscopic cell counts, and N fixation rates were measured using acetylene reduction as described previously (8) . Growth and N fixation rates were measured during the middle of the photoperiod (76) , and 200 ml of each sample was filtered (5-m polycarbonate; Whatman) at the same time and then immediately flash-frozen and stored in liquid nitrogen until RNA extraction.
RNA extraction and sequencing. RNA was extracted from 2 randomly chosen samples of triplicate biological replicates, with steps performed to remove DNA and rRNA. Illumina Hi-Seq sequencing was performed yielding single-end 50-bp reads. Detailed information is presented in the supplemental material.
Proteomics. Protein extraction, tryptic digestion, and global proteome analysis were performed as previously described (8) and specified in the supplemental material. The search database contained translated CDSs from this study's coassembly (see Table S2 in the supplemental material) and T. erythraeum IMS101's genes retrieved from IMG (51). We identified 1,988 IMS101 proteins and 357 proteins from the associated community (see Table S7 ) based on 1,014 identified unique tryptic peptides (see Table S8 ).
Bioinformatics. Detailed information is presented in the supplemental material. Briefly, quality filtered reads were recruited to IMG's T. erythraeum IMS101 reference genome, and reads not mapped were considered to be derived from the associated community and processed further (Table S1) . Following additional rRNA removal in silico, a coassembly of all samples was performed with Trinity v.2.4.0 (77), and Prodigal v.2.6.2 (78) was used to identify CDSs from the resultant assembled transcripts. These CDSs were utilized as our reference library for recruiting the reads from individual samples, and read counts were converted to transcripts per million (TPM) by first normalizing by CDS length and then by the size of the sample library corresponding to either the entire community or to individual taxonomic groups as noted. CDSs that failed to recruit greater than 1 TPM from any sample (as normalized to the entire community) were filtered out, leaving ϳ45,000 CDSs in all downstream analyses (Table S2) . Amino acid sequences of CDSs were functionally annotated with Kyoto Encyclopedia of Genes and Genomes (KEGG) orthologs ([KOs] 50) and taxonomies were assigned via a two-step process comprising standalone BLASTp v.2.2.30 (79) run against NCBI's RefSeq protein database (80) and parsing of the outputs with MEGAN (81) v.6.7.6 using their default lowest common ancestor (LCA) algorithm.
All data visualizations were generated with RStudio v.1.0.136 (82) and R v3.4.1. Individual tests for statistical significance (i.e., those noted in Fig. 3, 4 , and 5) were performed with standard two-tailed Student's t tests using a P value cutoff of 0.05, while tests for significance at the KEGG module level 
